Recent advances in experimental and computational techniques have allowed for an accurate description of the adsorption of ionic liquids on metallic electrodes. It is now well established that they adopt a multi-layered structure, and that the composition of the layers changes with the potential of the electrode. In some cases, potential-driven ordering transitions in the first adsorbed layer have been observed in experiments probing the interface on the molecular scale or by molecular simulations. This perspective gives an overview of the current understanding of such transitions and of their potential impact on the physical and (electro)chemical processes at the interface. In particular, peaks in the differential capacitance, slow dynamics at the interface and changes in the reactivity have been reported in electrochemical studies. Interfaces between ionic liquids and metallic electrodes are also highly relevant for their friction properties, the voltage-dependence of which opens the way to exciting applications.
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Solid-liquid interfaces play key role in many processes, such as catalysis or electrochemical reactions, to mention only chemistry and energy related applications. Despite their importance, our understanding of the molecularscale structure of such interfaces, where all the essential (electro)chemical processes occur, has long remained limited compared to the case of the corresponding pure solid and liquid phases. Probing directly the interface in experiments is indeed particularly challenging and computer simulations are also more involved due to the symmetry breaking in the direction perpendicular to the interface, which hinders the efficient use of periodic boundary conditions. Indeed, although simulating a few tens of water molecules may be sufficient to investigate the bulk properties of the liquid 1 , a similar number of molecules results in finite-size effects different from that, physically relevant, induced by the presence of the interface.
The past 10 years have witnessed the development of many experimental techniques which are sensitive to molecular arrangements at the interface, such as Scanning Tunneling Microscopy (STM), Sum-Frequency Generation (SFG), Atomic Force Microscopy (AFM), highenergy X-ray reflectivity (XR) or Surface Force Apparatus (SFA). They probe the structure of the liquid via different observables (vibrations, electron density, resistance to shear, etc), thus providing complementary views of the interface: For example the SFG signal is dominated by the innermost adsorbed layer 2-4 , while AFM or XR studies probe several layers of fluid. [5] [6] [7] [8] In parallel, the access to high performance computers and the development of new algorithms 9,10 also allowed to simulate more accurately solid-liquid interfaces, shedding a new light on interfacial processes such as adsorption. For example, the combination of STM and Density Functional Theory (DFT) calculations demonstrated that water molecules adsorbed at metal surfaces exhibit a surprisingly rich variety of structures 11 . Their arrangement depends on the interplay between the geometry and energetics of the water-metal interaction and of the hydrogen bonding between the water molecules, which varies strongly from one metal to another (and even from one crystal plane of a given metal to another) and with the water coverage of the surface. This structuring impacts the dynamics at the interface 12 and ultimately the kinetics of electrochemical processes. Due to the range of length and time scales involved, from the electron transfer event to the local rearrangements of the interfacial fluid, a full understanding of the water-splitting mechanisms from computer simulations will therefore require bridging the gap between ab initio 13, 14 and classical 15 approaches.
Here we will focus on a particular class of electrolytes, namely room-temperature ionic liquids (RTILs). They are increasingly used in electrochemistry, with applications ranging from energy storage (batteries, supercapacitors) to electrodeposition 16 . Since they are made of ions, their interfacial properties have long been interpreted following the Gouy-Chapman-Stern theory. However, many of the underlying asumptions are not valid due the very high density of ions -an extreme case considering the absence of solvent in these liquids [17] [18] [19] . A significant number of experiments and molecular simulations have thus been devoted to the study of the interfaces of ionic liquids with a solid 6, 20 . The main conclusion arising from XR, AFM, SFA and molecular dynamics (MD) is that the structure perpendicular to the interface is characterized by a strong layering of the liquid 6, 7, 21, 22 , as expected for a molecular liquid, which extends up to a few nanometres. The local composition of the layers mostly depends on the surface charge of the solid 23 and displays strong local correlations due to charge-ordering.
Many recent studies on interfaces of RTILs reported intriguing results, highlighting the role of the molecular structure within the adsorbed layers. As pointed out in an editorial by Kornyshev and Qiao, it is indeed necessary to account for the threedimensionality of the interface 24 . In particular, the formation of an ordered layer of ions has been reported at the interfaces of 1-butyl-3-methylimidazolium- 26 . At electrochemical interfaces, the contact between RTILs with an electrified metal opens the way to voltage-induced ordering transitions within the adsorbed liquid. The universality of such transitions is far from being established, in particular the extent of concerned RTILs-substrate combinations should be clarified. A first objective of this perspective article is therefore to summarize the studies, both experimental and theoretical, in which such transitions have been observed. We then discuss the impact of this finding on the physico-chemical properties of the interface. In particular, the following questions will be addressed: How can we detect structural transitions in experiments and in simulations? Is there a templating action from the solid? What is the main electrochemical signature of these transitions? Is there an impact on the friction properties of the interface? Some of these questions remain open and call for further studies.
I. EVIDENCES FOR STRUCTURAL TRANSITIONS AT IONIC LIQUID INTERFACES
A. Experimental studies To our knowledge, the first studies dealing with interfacial phase transitions in Coulomb fluids were conducted by Freyland et al. 27 . Their in situ STM study of the interface between the [
] and the (111) face of gold reported the formation of Moiré-like patterns at potentials greater than -0.2 V with respect to a platinum reference electrode. These were attributed to the formation of an ordered adlayer of PF − 6 . At negative potentials, the STM images were consistent with the formation a layer of anions with the ( √ 3× √ 3) structure, indicating a two-dimensional ordering transition at this interface. It is worth noting that these observations closely follow a previous work performed on the adsorption of iodine from aqueous solutions on similar gold surfaces 28 . A further study by the same authors on the electrodeposition of Cd on Au(111) in a chloroaluminate ionic liquid has also revealed the formation of an ordered AlCl ) and of the surface of gold in contact with the RTIL (from (111) to (100)), Su et al. have also evidenced the existence of potential-driven ordering transitions 31 . Increasing the potential from −0.3 V, an ordered layer of anions is formed between −0.1 and 0.4 V. On the contrary, when scanning in the negative potentials direction, they first observed a loose film-like layer which was attributed to a disordered adsorption of C 4 mim + cations. Then, for potentials lower than −0.95 V, perpendicularly oriented double-row strips were observed. These strips were assigned to the formation of micelle-like arrangements of aligned C 4 mim + cations. These structures also formed with PF tural commensurability of the adsorbed layer and the metal surface is necessary for the formation of ordered structures.
This conclusion was confirmed in a study using in situ video-STM to probe the (111) Au interface with a RTIL composed of a different cation, namely 1-butyl-1-methylpyrrolidinium (BMP + ) associated with the bis(trifluoromethylsulfonyl)imide anion (TFSI − ) 30 . Stable images could only be obtained for negative potentials below −1 V. For such potentials the images showed the formation of ordered structures. Several distinct arrangements of cations were proposed in order to interpret the observations at various potentials; one of them is shown in 1. In both structures proposed by Wen et al., the cation rings are adsorbed on the surface; in contrast, the alkyl chains lie flat on the surface only for the lower charge density (hence lateral cation density in the adsorbed fluid) and extend into the perpendicular direction for the higher density. The lattice parameters for the adlayer superstructure decrease accordingly and may change symmetry, resulting for the densest packing in a square lattice which differs from the hexagonal substrate. Finally, the video-STM furter allowed the first direct observation of the dynamical evolution of the adsorbed liquid. In particular, it was found that the fluctuations occur mainly at the boundaries between ordered domains.
All the structural transitions observed with STM have so far involved Au electrodes because this metal can be produced as single crystals with well-defined surfaces. Elbourne et al. have recently used another technique, in situ amplitude-modulated AFM, to study interfaces of highly ordered pyrolytic graphite (HOPG) instead 32 . This substrate presents the advantage of having flat surfaces with high area, and to avoid the surface reconstructions or etching which can occur in the case of gold 31 . These authors studied the effect of applied potential on the adsorbed layer structure for a [
At the open-circuit potential, well-defined rows are present on the surface. Unlike previous works, in which the ordered structures were apparently formed of only one type of ions, the unit cell is composed of an anion-cation-cation-anion arrangement 32 . This structure changes markedly with surface potential or when relatively low concentrations of lithium or chloride ions are present in the RTIL.
The variety of systems in which transitions are observed clearly show that it is a common feature of metal/ionic liquids interfaces. However, the few works reported so far raise very interesting questions. In particular, all the ordered structures proposed so far to interpret the STM data are composed of a single species only. However, the relatively small applied potentials which are used (∼ ±1 V) may not be sufficent to fully separate cations from anions. In the case of the AFM study, the anion-cation-cation-anion rows result in an overall neutral layer but there is a strong charge imbalance on the nanometre scale. A few hypotheses can thus be proposed to explain the observations: i) there may be a specific absorption of the ions on gold with the formation of partially covalent bonds 33 ii) on top of the observed layer, there could be an oppositely charged layer of ions which is not observed by the experiment and iii) it remains possible that the proposed structures, which are only based on the relative size of the ions (keeping the possibility of some kind of conformational ordering, for example only the imidazolium rings of the cations would lie parallel to the surface), are not the correct ones. Using additional techniques such as SFG, which is sensitive to the orientation of the ions 4 , could possibly shed a complementary light on this issue. Another open question is whether commensurability between the adsorbed layer and the metal substrate is necessary to observe a transition. Here also, the recent study performed with HOPG electrodes 32 suggests that it is not the case, and that the electric fluctuations at an homogeneous and flat metallic surface are sufficient to trigger ordering transitions in the interfacial layer of RTIL. In addition, the use of carbon electrodes in this study demonstrates that a perfect metallic behavior is not necessary to induce such transitions.
B. Computer simulations
In order to simulate electrochemical systems, it is necessary to fix the potential of the electrode. In classical molecular dynamics or Monte-Carlo, this can be done by various methods 22 . Our approach consists in treating the partial charges carried by the electrode atoms as additional degrees of freedom which fluctuate during the simulation. Their values are determined at each time step from a self-consistent calculation 10, 37, 38 . In such simulations, the electrochemical cell consists in a wide slab of electrolyte held between two electrodes with different voltages. Like in experiments, the potentials are not absolute. The only fixed quantity is the potential difference between the two electrodes ∆Ψ = Ψ + − Ψ − , although it is also possible to calculate the potential of each electrode with respect to the bulk liquid in the case of flat electrodes; we will note this potential Ψ elec/bulk . In the following, we will assimilate an ordering transition to an abrupt change in the structure observed when changing the potential. However, it is worth noting that first-order transitions are associated with a discontinuity in an order parameter and a corresponding singularity in a partition function, which are not easy to prove in simulations 39 . This point will be further discussed in the next section.
Using this simulation approach, a first example of voltage-driven transition was reported for a rather exotic system, formed with a high temperature molten salt (LiCl) and an aluminum electrode with its (100) surface in contact with the liquid 34, 40 . An advantage of this system is that a polarizable force field could be built directly from accurate DFT calculations using a generalized force-matching approach 40 .For potential drops Ψ elec/bulk across the interface more negative than −1.76 V, which corresponds to the point of zero charge (PZC), the molten salt adopted a disordered structure at the interface, while for larger potentials an ordered structure was obtained 40 . This structure, which is shown on the top panel of 2, was commensurate with the aluminum substrate, and a strong alignment of the dipole components of the chloride anion and the normal of the surface was observed for large potentials 34 . Interestingly, no transition was observed when the plane of the metal was changed to (110) instead of (100), but a different ordered structure was then obtained showing that an epitaxial mechanism is at play, whereby the molten salt adapts it PF C mim
In the Gaussian case, vertical sections through the free energy surface, −k B T ln P(σ), will be parabolas with minima at the mean value of σ, and the application of voltage will produce a proportional shift of that meanthe free energy surface would have the form of a regular valley with the position of the minimum tracking the voltage smoothly. This is what has been found previously for simple dielectrics or dilute solutions. 41 If the correlated domains extend across the entire surface, the distribution will be non-Gaussian, and the application of voltage will shift the free energy minimum in a markedly nonlinear way as different domain types are stabilized by different voltages. It is clear that the surface-charge distributions found in the simulations correspond most closely to the latter scenario and that, although the non-Gaussian characteristics are a global property of the free energy surface, they will be most pronounced at potentials close to 0.9 V.
The size of our system is small, so that the non-Gaussian features are relatively subtle. Nevertheless, the system is large enough to exhibit size dependence of response. In particular, Figure 3b illustrates the growth of the first ∼0.9 V of the anomalous peaks in the differential capacitance as the observed electrode surface area is increased. In the absence of a phase transition, the capacitance C is an intensive property; i.e., ⟨(δσ)
2 ⟩ scales inversely with S. At conditions of a coexistence between two phases, however, C will grow with system size we have been able to stud that scaling regime. The foreshadow an unbounde not predicted by previous While studying larger s with the computer resour nevertheless test the con transition. For larger sys distribution of surface cha distribution separated by system size. We have perf increased by 100% in the x the estimated coexistence systems, both the ordered over time scales of 500 distributions do not over the expected one for a fir issue for studying phase proper sampling requiring sampling techniques. Such the development of simp capable of capturing the these effects. With these transition would also lead and that hysteresis has bee similar ionic liquid on gra
The charge density σ is 
The size of our system is small, so that the non-Gaussian features are relatively subtle. Nevertheless, the system is large enough to exhibit size dependence of response. In particular, Figure 3b illustrates the growth of the first ∼0. s the width of the ionic layer. We plot this quantity n . A slight increase of FWHM 1.max with temperature e widening of the EDL with increasing temperature.
g peak evolution over surface charge density (mea-) for anions at the cathode is shown in Fig. 3 for two eratures (450 K and 500 K). Upon analysing the evoosition of the first valley, a second transition point ( = −38.0 C/cm 2 ) becomes visible, see also Fig. 5 . shifted from the expected 2.0 to 2.38 due to the f the ordered layer under the high electrostatic field ode. Note that the ions are modelled as soft charged spheres. position is nearly constant at z 1.min = 2.0 nm at low Fig. 3-top) . At the transition points Ä Cation = 1.0 and he valley position shifts in the z-direction further ode by approximately 1.25 nm. Initially, the whole shifted by a larger distance than the diameter of As can be seen from the figure (Fig. 4-left) the cum profiles reveal significant oscillations between which correspond to a multilayer structure.
To investigate details of the charge compensati in the EDL we plotted in Fig. 4 -right the cumulat files that are normalised by the number of elemen the electrode |q electrode |. At lower charge densities ( normalised profiles cn Q (z)/|q electrode | oscillate due overscreening effect [32, 13, 70] . The height of the fir oscillations that is more than 1.0 manifests that counter-ions in the first interfacial layer overcomp face charge density at the electrode. However, at normalised cumulative charge density profile beco curve with a flat plateau where the profile value 1.0. That shows complete compensation of the elec the first monolayer of the counter-ions at this valu absence of charge waves at Ä Cation = 1.0 indicates tha structure to that of the electrode surface.
In a recent work, Kirchner et al. studied interfaces between primitive models of ionic liquids and solid surfaces with various net charges (i.e. the electric potential was not controlled) 36 . At certain charge densities (∼ −16 µC cm −2 ) the structure of the adsorbed layer of cations undergoes a structural transition to a surface-frozen monolayer of densely packed counter-ions with a Moiré-like structure. At lower surface charge densities (i.e. lower than −30 µC cm −2 ), they even observed the formation of an herring-bone structure arising from the superposition of two ordered monolayers of ions (see the bottom panel of 2). These findings provide an interesting support for the STM studies discussed above, but it is worth noting that the charge densities employed are somewhat larger than the experimental ones -they would correspond to potentials which are above the electrochemical window of typical RTILs.
Going towards more realistic models, an ordering transition was reported from molecular simulations for the interface between [
] (for which a coarsegrained force field was used) and an electrified surface of graphite 35 . The presence of the ordered structure could be monitored by computing the in-plane structure factor in the first layer of the adsorbed liquid. This structure factor was liquid-like on a wide range of potentials, but it showed some strong Bragg-like peaks suggesting a 2-dimensional lattice-like organization for both the anions and cations, which is shown in the top-right panel of 2. This ordered structure contained on average as many anions as cations, and it was also observed by Kislenko et These simulation results, while confirming the possibility of transitions in the adsorbed layer of the fluid, also open their share of questions. Future works will need to address the issue of finite-size effects, since there must be a commensurability between the formed ordered structure and the simulation cell. Timescales are important too, since metastable states may be much longer-lived than the typical simulation times, which are on the order of the nanosecond only due to the computational cost. There is therefore a possibility that the reported transitions are artefacts of the simulation setups, but the similarities with experimental findings seem to weaken this hypothesis. The question of specific interactions with surfaces such as gold will also have to be treated. This requires in turn the development of accurate force fields for this purpose. First steps in this direction have recently been made in the case of carbon materials 43 .
II. IMPACT OF THE TRANSITIONS ON PHYSICO-CHEMICAL PROPERTIES
We now turn to the consequences of structural transitions within the adsorbed fluid on the physico-chemical properties of the interface. Specifically, we discuss the impact of voltage-induced transitions on the electrochemical response of the electrode-RTIL interface in terms of differential capacitance, cyclic voltammograms and electrochemical reaction, as well as on the mechanical response (solid-liquid friction).
A. Peaks in the differential capacitance
The differential capacitance C diff measures the response of the average surface charge density σ to changes in the voltage ∆Ψ:
By definition, a capacitor corresponds to a voltageindependent differential capacitance. However, the charge of the electrode reflects the composition and the charge distribution within the interfacial liquid. As a result, one should expect a signature of abrupt structural changes at voltages corresponding to putative phase transitions in the electrode charge, hence peaks in the corresponding differential capacitance. While experimentally such peaks have indeed been observed 31, 44, 45 , their possible link with changes in the structure or the interface has been difficult to demonstrate until recently, due to the experimental challenges of in situ imaging and the occurence of other processes such as surface reconstruction of the electrode.
Indeed 30 , thanks to the high temporal resolution or the video-STM technique, the authors were able to visualize the evolution of the interfacial fluid during cyclic voltammetry (CV) experiments. The cyclic voltammogram displays two current peaks associated with two surface transitions which could also be linked to the formation of the ordered cationic structures, such as the one shown on 1, upon increasingly negative surface charge density.
In computer simulations, it is relatively straightforward to calculate the capacitance of the interface in constant potential simulations. The generic method consists in simulating an electrochemical cell at various voltage and extracting the average surface charge. Then the σ = f (∆Ψ) plot is differentiated, which provides the differential capacitance through 1. However, close to a transition, a large peak in the capacitance is expected, so that many voltages should in principle be sampled in this region. An alternative was recently proposed, which consists in using importance sampling methods 35, 46 . In short, by using the whole distribution of surface charges during the simulations, it is possible to sample the probability distributions of any variable as continuous functions of the applied potential. There is in principle no need to acquire more data close to the transition, the only requisite is to have a good overlap between the histograms of surface charges from the various voltages.
The probability distribution of the charge density σ of graphite electrodes in contact with the [
35 obtained with this approach is shown on 3(a). The figure shows the probability distribution on a logarithmic scale. It is clear that there are three branches along which the distribution of the surface charge distribution shifts almost linearly upon increasing the potential. These branches are separated by more complex changes in the distribution around particular voltages. We will focus on the one occuring at ∆Ψ = 0.9 V since this is the potential for which the order-disorder transition discussed above occurs. 3(b) shows the distribution P (σ) at three applied voltages (0.8 V, 0.9 V and 1.0 V). density σ at various electrode potentials ΔΨ is represented by a contour plot in Figure 2a . The figure shows the free energy landscape for the system as a function of surface charge density σ and potential ΔΨ, in units of Boltzmann's constant, k B , times near ΔΨ = 0.9 V and the other near ΔΨ = these critical voltages on the free energy surf shows that they correspond to the location o where fluctuations sample two adjacent free Similar features in the differential capacitan reported in numerous experimental studies. 27, 4 The peaks in capacitance arise from correla interfacial layer of fluid. This is evident from surface charge distributions that exhibit non-G characteristic of a first-order phase transitio conditions away from phase coexistence a distribution suggesting incipient bimodality (lim rather small system size) at conditions of coexis relevant structures in the fluid comprise corr that are small compared to the net surface area, will be Gaussian because the net surface-cha reflect many uncorrelated contributions (the us theorem argument). Generally, the distributio according to applied voltage 
Specifically, we consider below as observables A: the surface charge density of the total electrode and that of subsamples of the electrodes, the numbers of anions and cations in the first fluid layers adsorbed on both electrodes, the in-plane structure factors in these layers, and the orientation of cations in these layers.
III. RESULTS
Electrode Charge Distributions and Capacitance. The probability distribution P(σ|ΔΨ) of electrode surface charge density σ at various electrode potentials ΔΨ is represented by a contour plot in Figure 2a . The figure shows the free energy landscape for the system as a function of surface charge density σ and potential ΔΨ, in units of Boltzmann's constant, k B , times surface charge is not limited to the typical linear respon approximation, as both the charge fluctuations and therefo the capacitance are generally potential dependent. 41 As seen Figure 3a , the capacitance exhibits two anomalous peaks: o near ΔΨ = 0.9 V and the other near ΔΨ = 1.5 V. Locati these critical voltages on the free energy surface (Figure 2 shows that they correspond to the location of saddle poin where fluctuations sample two adjacent free energy minim Similar features in the differential capacitance have be reported in numerous experimental studies. 27,45−49 The peaks in capacitance arise from correlations within t interfacial layer of fluid. This is evident from the electro surface charge distributions that exhibit non-Gaussian featur characteristic of a first-order phase transitionfat tails conditions away from phase coexistence and a very fl distribution suggesting incipient bimodality (limited here by rather small system size) at conditions of coexistence. 50, 51 If t relevant structures in the fluid comprise correlated domai that are small compared to the net surface area, the distributio will be Gaussian because the net surface-charge density w reflect many uncorrelated contributions (the usual central lim theorem argument). Generally, the distribution, P(σ), shi according to applied voltage 
near ΔΨ = 0.9 V and the other near ΔΨ = these critical voltages on the free energy surfa shows that they correspond to the location o where fluctuations sample two adjacent free Similar features in the differential capacitan reported in numerous experimental studies. 27, 45 The peaks in capacitance arise from correlat interfacial layer of fluid. This is evident from surface charge distributions that exhibit non-G characteristic of a first-order phase transitio conditions away from phase coexistence an distribution suggesting incipient bimodality (lim rather small system size) at conditions of coexis relevant structures in the fluid comprise corr that are small compared to the net surface area, will be Gaussian because the net surface-char reflect many uncorrelated contributions (the us theorem argument). Generally, the distributio according to applied voltage They are characteristic of a first-order phase transition. Away from phase coexistence (at 0.8 V and 1.0 V), they show the presence of "fat tails", which are due to the small probability of obtaining the metastable phase. At the transition the distribution displays hints of bimodality, which is expected if the two phases are equiprobable. However it would be necessary to simulate larger systems to fully conclude on this point.
The differential capacitance computed from these simulations is shown on 3(c). Note that much better statistics could again be obtained compared to the usual method involving 1 by using the Johnson-Nyquist relation,
where S is the surface of the electrode and δσ = σ − σ are the fluctuations in the electrode surface charge density. A large peak in the differential capacitance is observed at the applied voltage where the transition occurs, which is consistent with the experimental findings of Su et al. Note that again, larger systems should lead to a singular charge-density transition in a macroscopic limit 39 . Our simulations therefore confirm that the presence of large peaks in experimental measures of the capacitance of an interface can indeed be the signature that a potential-driven transition is occuring.
B. Hysteresis and slow dynamics
The above-mentioned domain boundaries between phases also have important implications by themselves, due to the entailed free energy cost. In three dimensions, this would be a surface free energy. In the present case the topology of the boundary between interfacial domains at the surface of the electrode remains to be clarified 24 . As a result, annealing these boundaries, either between grains of otherwise identical domains, or between different domains, requires overcoming the corresponding free energy barrier. In practice, the consequences of these barriers are observable as long time scales in the dynamics of the interface or as hysteresis in cyclic voltammetry.
Uysal et al. reported a potential-dependent hysteresis at an electrified graphene/RTIL interface 47 . Xray reflectivity measurements during cyclic voltammetry and potential step measurements are used to probe the electronic density in the direction perpendicular to an epitaxial graphene surface, within the adsorbed [C 9 mim + ][TFSI − ] ionic liquid. The resulting profiles were consistent with that obtained from MD simulations, by assuming a combination of two limiting structures, with weights varying as a function of applied voltage. The structure evolves very slowly after a potential step, with processes occuring over time scales exceeding 10 s. In addition, the CV scans exhibit significant (scan rate dependent) hysteresis. While in this work the authors safely indicated that the nature of the apparent barrier and the associated mechanism require further investigation, these observations clearly point to the crucial role of structural transitions and the associated domain boundaries in the observed hysteresis and slow dynamics. Another manifestation of slow processes occuring at the ionic liquid / electrode interface was reported by Roling et al., who have carefully analysed the capacitance spectra on a broad range of frequencies 48, 49 . Although no particular ordering transition was observed by STM, these authors concluded that the slower capacitive process could be related to structural reorganisations of the gold surface or to strong rearrangements in the first ad-sorbed layer of ions.
Recently, Limmer proposed a detailed study of these effects using a coarse-grained model capturing strong inter-ionic correlations 50 . Its limited computational cost compared to molecular simulations allowed for a systematic finite-size scaling analysis, which demonstrated the first-order nature of the fluctuation-induced transition and spontaneous charge density ordering at the interface, in the presence of an otherwise disordered bulk solution, already observed in molecular simulations 35 . A crucial step in this demonstration is the extensive growth of the free energy barrier between phases analogous to the ones observed in reference 47, which indeed implies hysteresis and long time scales.
C. Impact on reactivity
Structural changes in the ionic liquid at the interface also have implications on the local environment of other species in the liquid, in particular electro-active species. This in turn may result in changes in their reactivity. A direct observation of this feature has recently been reported by Garcia-Rey and Dlott, who studied CO 2 reduction on a polycrystalline Ag electrode, with 1-ethyl-3-methylimidazolium tetrafluoroborate [
4 ] containing 0.3 mol% water as electrolyte 51 . Such systems have been shown to reduced the overpotential for CO 2 reduction. SFG and IR were used to probe the surface field experienced by the adsorbed CO molecules produced by the electrochemical reduction of CO 2 . From the CO Stark shift, a sudden increase of the field at the electrode surface was observed at the threshold potential for CO 2 reduction, which could be traced back to a structural transition within the RTIL -even though no information could be obtained on the nature of these structural changes. Nevertheless, this study illustrates the potential benefit of exploiting the peculiar structure of ionic liquid interfaces and the voltage-driven changes thereof (with potentially much greater diversity than in solvent-based electrolytes) for electrochemical reactions.
D. Voltage-dependent friction
Finally, voltage-driven changes in the structure and composition of the interfacial fluid also have implications from the dynamical point of view. Sweeney et al.
conducted nanotribology experiments to probe the lubrication properties of 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl) tri-
) confined between silica colloid probes or sharp silica tips and a Au(111) substrate, using AFM 52 . As the composition of the adsorbed layers is tuned by the electrode potential, from cationenriched to anion-enriched, the friction also evolves. 4 illustrates that these variations are directly linked to the nature of the sliding plane, which may correspond to AFM tip. Switching friction operates reproducibly at all loads higher than 3 nN.
We foresee that the findings reported in this study will impact upon a variety of new important technologies venerable to adhesion, friction, and wear. For example, it is difficult to meet the precise operating standards required over practical lifetimes in micro-and nanoelectromechanical systems because friction must be controlled across tiny dimensions for components with high surface-area-tovolume ratios [29] . Likewise, electrical contacts [30] or surfaces prone to contact electrification [31] stand to benefit, as ILs are electrically conductive lubricants. This latter property is important, as traditional molecular lubricants such as polytetrafluoroethylene are often unsuitable in these situations specifically because they are electrically insulating.
In 2008, Glavatskih and Höglund coined the expression ''tribotronics,'' suggesting active control of bearing performance in industrial machinery through sensors and actuators [32] . This would have the capacity to improve efficiency and reduce wear. Among other things, the authors suggested the possible use of electrorheological fluids. This work demonstrates the potential for (nano) tribotronics-where electric potentials directly control the lubricating properties of a self-replenishing boundary lubricant. The explosion of research interest in ILs over the last decade is largely due to their remarkable physical properties, and the fact that these properties can be controlled systematically through variation in the structure of the ions has led ILs to be referred to as ''designer solvents'' [13] . The results presented in this Letter show that electrode potential can be used to control lubricity and thus provides a new, hitherto overlooked, IL design parameter. cation or anion layers, depending on the electrode potential and on the normal load exerted on the confined fluid. While the voltage-driven structural changes on the microscopic interfacial structures remain to be investigated, such studies open the way to a new tuning of frictional forces at the molecular scale without changing the substrate.
More detailed information on the role of key microscopic and macroscopic factors can be obtained using molecular simulations, such as load, shear velocity, surface topology and length of alkyl side chains in the ionic liquid 53 . Simulations with fixed surface charge density (instead of potential) have further evidenced two mechanisms underlying friction changes in such systems, namely charge effects on normal and in-plane ordering in the film, as well as swapping between anion and cation layers at the surface 54 .
III. SUMMARY AND OUTLOOK
There is now a large body of experiments pointing towards the existence of potential-driven transitions at the interface between ionic liquids and metallic electrodes. However, as discussed above, the exact structure and composition of the ordered phases remain open questions. Computer simulations bring some theoretical support on the question, but they are still scarce because of the technical difficulty associated with the use of constant applied potential ensemble. They also suffer from sampling issues (both in size and time) which render the observation and the characterization of the transitions difficult. The cur-rent works, in which the interactions are determined using classical force fields may also be limited if particular bonding occurs at the interface. The recent inclusion of constant voltage methods in DFT-based molecular dynamics packages 55 may open new opportunities for tackling this difficult problem, as it was shown recently in the context of nanotribology.
56,57
In addition, the role of many parameters remain to be established. For example, how do the composition of RTIL and the possible presence of impurities affect the occurence of ordering transitions? What is the impact of the temperature of the systems? Also many applications of RTILs use them in the presence of a solvent, which will also impact the whole structure of the electric double layer. Finally, although it is clear that the nature of the substrate plays a strong role, it is not sure that there is always a commensurability between the ordered structure of the liquid and the metal. Topological defects at the surface of the metal may also play a predominant role, 58 and it is likely that corrugation effects can modify the formation and/or the detection of ordered layers: Recent simulations have shown that the heterogeneous nucleation of ice at a surface depended markedly on the morphology of the latter. 59 Additional works with varying metal electrodes will allow to better understand these issues.
Whether these transitions will have practical applications remains an open question, but they clearly impact a lot the physico-chemical properties: peaks in the differential capacitances, slow dynamics at the interface, varying reactivity and voltage-dependent friction properties have already been reported. Overall such transitions reinforce the view of RTILs as solvents with multifaceted properties, with a composition that can be specifically tailored to a given task.
